[1] We use a database of more than 4.4 million observations of ocean pCO 2 to investigate oceanic pCO 2 growth rates. We use pCO 2 measurements, with corresponding sea surface temperature and salinity measurements, to reconstruct alkalinity and dissolved inorganic carbon to understand what is driving these growth rates in different ocean regions. If the oceanic pCO 2 growth rate is faster (slower) than the atmospheric CO 2 growth rate, the region can be interpreted as having a decreasing (increasing) atmospheric CO 2 uptake. Only the Western subpolar and subtropical North Pacific, and the Southern Ocean are found to have sufficient spatial and temporal observations to calculate the growth rates of oceanic pCO 2 in different seasons. Based on these regions, we find the strength of the ocean carbon sink has declined over the last two decades due to a combination of regional drivers (physical and biological). In the subpolar North Pacific reduced atmospheric CO 2 uptake in the summer is associated with changes in the biological production, while in the subtropical North Pacific enhanced uptake in winter is associated with enhanced biological production. In the Indian and Pacific sectors of the Southern Ocean a reduced winter atmospheric CO 2 uptake is associated with a positive SAM response. Conversely in the more stratified Atlantic Ocean sector enhanced summer uptake is associated with increased biological production and reduced vertical supply. We are not able to separate climate variability and change as the calculated growth rates are at the limit of detection and are associated with large uncertainties. Ongoing sustained observations of global oceanic pCO 2 and its drivers, including dissolved inorganic carbon and alkalinity, are key to detecting and understanding how the ocean carbon sink will evolve in future and what processes are driving this change.
Introduction
[2] Concentrations of atmospheric CO 2 continue to rise at unprecedented rates, reflecting continued carbon dioxide emissions [e.g., Raupach et al., 2007] . The earth's oceans play a critical role in mitigating climate change by taking up more than 30% of the anthropogenic CO 2 emitted to the atmosphere [Sabine et al., 2004a] . The oceans take up CO 2 primarily through air-sea gas exchange, which is a function (to a first order) of both the gas transfer coefficient and the difference between the partial pressures of seawater and the atmosphere (1).
The growth rate of oceanic pCO 2 relative to the atmospheric CO 2 value provides information on the evolution of the strength of the sink or source of atmospheric CO 2 in time. A region with an oceanic pCO 2 growth rate faster than the atmospheric growth rate can be interpreted as a decreasing sink of atmospheric CO 2 ; conversely an oceanic pCO 2 growth rate less than the atmospheric rate can be interpreted as an increasing sink of atmospheric CO 2 . These growth rates can reveal important information about the evolution of the ocean carbon sink.
[3] The change in oceanic surface pCO 2 (equation (2)) can be expressed as the sum of the changes in dissolved inorganic carbon (DIC), alkalinity (ALK), sea surface salinity (SSS) and sea surface temperature (SST), each of which responds to its own drivers and, hence, displays its own scales of variability. Consequently oceanic pCO 2 is highly variable in time and space [Mahadevan et al., 2004] ; and much of the variability in oceanic pCO 2 occurs on short timescales [Lenton et al., 2006] .
There are two major oceanic mechanisms that can drive oceanic pCO 2 growth rates to be either faster or slower than the atmospheric growth rate: (i) changes in the intensity of biological production through changes in DIC and ALK; and/or (ii) changes in ocean physics that can lead to changes in SST, SSS, DIC and ALK in the upper ocean. Given the spatial heterogeneity of biological production, identifying biologically driven changes in oceanic pCO 2 can be challenging.
[4] The surface ocean, in all but a few locations, remains significantly under-sampled spatially and temporally with respect to carbon [Monteiro et al., 2010] . Given the paucity of sampling and the large spatial and temporal variability in oceanic pCO 2 , identifying robust, secular growth rates in oceanic pCO 2 remains a difficult and important challenge [Gruber, 2009] . Nevertheless many recent studies have published growth rates of oceanic pCO 2 in different regions, and over different periods, from both time series and underway measured and calculated values of pCO 2 . Next, we review these studies, indicating the temporal period over which changes have been calculated.
[5] Studies in recent decades have identified the high latitude Southern Ocean as a region where the oceanic pCO 2 growth rate is greater than that of the atmosphere, namely, Metzl [2009 Metzl [ ] (1991 Metzl [ -2007 and Takahashi et al. [2009 Takahashi et al. [ ] (1984 Takahashi et al. [ -2007 , suggesting that the strength of the sink has decreased in recent decades both for the austral summer and winter. This decrease has been attributed to increased upwelling of carbonrich deep-water associated with a strengthening Southern Annular Mode [e.g., Le Quéré et al., 2007; Lenton et al., 2009b; Lenton and Matear, 2007; Lovenduski et al., 2007] . The decrease in Southern Ocean CO 2 uptake is mirrored by a decrease in CO 2 uptake in the North Atlantic sub-polar gyre [e.g., Schuster et al., 2009; Corbière et al., 2007; Omar and Olsen, 2006; Metzl et al., 2010] . In contrast to the Southern Ocean, different mechanisms driving the changes in the North Atlantic have been proposed, including vertical [Ullman et al., 2009] and horizontal physical processes [Thomas et al., 2008] . Varying rates of pCO 2 change that have been reported in the North Atlantic may depend on the duration of time series used. Data series longer than about 25 years are needed to obtain a more reliable regional rate, which shows clearly the effect of drivers such as SST increase [McKinley et al., 2011] .
[6] The North Pacific oceanic pCO 2 growth rate has large spatial variability . The oceanic pCO 2 increase in the North Pacific subpolar gyre appears to be tracking the atmosphere for the period 1970 to 2004 , unlike in other high-latitude regions. The areas encompassing the Bering and Okhostk Seas were the exception in this region with oceanic pCO 2 growth rates significantly less than that of the atmosphere. In these areas changes in oceanic pCO 2 growth rates were driven by the combination of enhanced biological production and changes in vertical mixing.
[7] Studies in the Northern and Southern sub-tropical gyre regions typically show that the oceanic pCO 2 growth rate is tracking the atmosphere in the North Atlantic [e.g., Bates, 2001 Bates, , 2007 Gruber et al., 2002; Santana-Casiano et al., 2007] ; in the North Pacific (1984 ( -2006 ( [Midorikawa et al., 2005 Inoue et al., 1995 ] and 1970 ); in the South Pacific [Takahashi et al., 2009] and Southern Indian [Metzl, 2009 [Metzl, ] (1991 [Metzl, -2007 . The exception to this sub-tropical pattern occurs at the Hawaii Ocean Time series site (HOTS) [Dore et al., 2003; Keeling et al., 2004] , where the oceanic growth rate is faster than the atmospheric growth rate. However, as the studies at HOTS were based on limited spatial sampling, which may bias these results .
[8] In the equatorial regions, with the exception of the Equatorial Pacific, very few studies have been published. The equatorial Pacific itself is a very complex region with large oceanic pCO 2 variability in response to the Pacific Decadal Oscillation and El Nino-La Nina events [Feely et al., 2002] . The calculated growth rate of oceanic pCO 2 can be strongly biased by the observational period . However, Feely et al. [2006 Feely et al. [ ] (1981 Feely et al. [ -2004 , Ishii et al. [2009 Ishii et al. [ ] (1980 Ishii et al. [ -2006 , and Takahashi et al. [2009 and Takahashi et al. [ ] (1974 and Takahashi et al. [ -2005 all estimate a mean oceanic pCO 2 growth rate close to the atmospheric value over the respective time scales.
[9] Despite the wealth of regional studies on changes in oceanic CO 2 uptake, synthesizing a synoptic global view and attributing the changes to processes remains highly challenging. These studies are often records of varying length and sampling density. Many of the published studies have also been based on pCO 2 measurements alone, and often do not have concomitant measurements of DIC and ALK making attribution to processes challenging. Nevertheless, a picture of the evolution of the global CO 2 sink appears to emerge. With the exception of the Western Pacific, there is a pattern of reduced CO 2 uptake at high latitudes, while oceanic pCO 2 in the low to midlatitudes oceans tends to track the atmospheric value. This is consistent with the results of a recent modeling study by Le Quéré et al. [2010] , which identified that climate-driven changes, including strengthening winds and ocean warming, play a key role in the global air-to-sea CO 2 flux variations.
[10] An important recent development in ocean carbon science is the release of the LDEO_V2009 database [Takahashi et al., 2009] , which contains more than 4.4 million individual measurements of oceanic pCO 2 made since 1972. An earlier version of this database was used to construct global climatological values of DpCO 2 and maps of air-sea CO 2 flux [Takahashi et al., 1997 [Takahashi et al., , 2009 . This allows changes in oceanic pCO 2 to be assessed in different ocean regions over the same period and also permits the estimation of seasonal changes in oceanic pCO 2 . This can be significant as focusing on the multiyear annual (all-seasons) values alone, rather than values in different seasons (summer and winter), the changes in one season maybe compensated in another, leading to a biased view. In addition, understanding what is driving these growth rates in different seasons is extremely important as it allows us to: (i) separate biological and physical changes in the ocean carbon cycle; (ii) identify the major drivers of change and use this to project how a changing climate may impact on ocean carbon uptake; and (iii) develop a way to assess and validate model simulations i.e., whether we are getting the right response for the right reasons in the historical period and to identify which process are key to future projections.
[11] In this study we are interested in probing what is driving the growth rates in oceanic pCO 2 in different regions. We utilize the LDEO_V2009 pCO 2 database [Takahashi et al., 2009 ] to reconstruct the global fields of DIC and ALK. This reconstruction is assessed against all available upper ocean measurements of DIC and ALK to estimate the uncertainty in the reconstructed fields. We first investigate the longer-term growth rates during in all seasons, winter and summer. The reconstructed fields of ALK and DIC are then used, in conjunction with in situ temperature and salinity measurements, to investigate what is driving the oceanic pCO 2 response in different regions (see equation (2)). Finally, we investigate whether any large-scale global patterns of oceanic pCO 2 can be detected.
Methods

Calculation of Carbon Parameters
[12] To explore the evolution of the ocean carbon system we used the LDEO_V2009 database of oceanic pCO 2 , which contains more than 4.4 million high-resolution measurements of pCO 2 collected since 1972 [Takahashi et al., 2009 ]. Since we want to understand the drivers of oceanic pCO 2 , we only use data with concomitant values of SST and SSS. This results in a reduction of about 15% ($6 Â 10 5 ) in the size of the database. We first calculate values of alkalinity (ALK) and then values of dissolved inorganic carbon (DIC). In these calculations we first calculated DIC and ALK based on each triplet and then binned the data.
Two carbon parameters are needed to characterize the ocean carbonate chemistry. We have pCO 2 and estimated ALK calculated from sea surface temperature (SST) and sea surface salinity (SSS) according to Lee et al. [2006] (equation (3)). The relationship of Lee et al. [2006] is based on relationship between surfaces values of ALK, SST and SSS where the constants a-e are estimated from observations of five distinct oceanographic regions. To assess reconstructed fields we compared our annual mean fields of ALK between 1990 and 2008 with the gridded ALK from GLODAP [Sabine et al., 2005] . The magnitude and the structure of reconstructed ALK agree well with GLODAP ALK (Figure 1 ) in all major ocean regions giving confidence in the relationships of Lee et al. [2006] .
[13] The DIC values are calculated using the equations of carbonate chemistry from the reconstructed values of ALK and measured SST, SSS and pCO 2 . Our implementation of carbonate chemistry is derived from the OCMIP3 framework (O. Aumont, C. Le Quéré, and J. C. Orr, NOCES Project Interannual HOWTO, 2004, available at http://www. ipsl.jussieu.fr/OCMIP/). The dissociation constants used in our calculations are from Mehrbach et al. [1973] refitted by Dickson and Millero [1987] .
[14] We note that choice of another set of constants [e.g., Lueker et al., 2000] would result in a change in the mean state and not significantly change the temporal gradient [Corbière et al., 2007] and therefore not alter our conclusions significantly. As concomitant measurements of surface nutrients are not available within the LDEO_V2009 data set we choose to neglect the impact of nutrients on ALK, rather than to use climatology values that may bias the growth rates.
[15] Oceanic pCO 2 variability is dominated primarily by intraseasonal variability (i.e., eddy-scale variability) with temporal length scales typically ranging from a few days to months and spatial length scales ranging from tens of kilometers at high-latitudes to hundreds of kilometers in the equatorial regions [Li et al., 2005] . To reduce the impact of mesoscale variability on each field, while retaining the oceanic structure, we averaged our SST, SSS, pCO 2 , DIC and ALK data onto a 1 Â 1 monthly global grid. Additionally sampling studies of oceanic pCO 2 have shown that sampling at higher temporal frequencies than monthly do not return more information on the regional-scale response of the carbon system Lenton et al. [2006 Lenton et al. [ , 2009a and Takahashi and Sweeney [2002] .
[16] To ensure that we are only using open ocean data, thereby reducing the influence of heterogeneous coastal processes [e.g., Chen and Borges, 2009] on the region scale, we defined the coastal zone as having an ocean depth <200 m and removed all data in this zone from the data set. The bathymetry of the global ocean was taken from the ETOPO60 data set. After binning and filtering the data we are left with more than 75,000 independent measurements for which we have a value of pCO 2 and its constituent parts (equation (2)) i.e., SST, SSS, DIC and ALK.
[17] To assess the validity of our reconstruction we compiled all bottle data measurements of DIC and ALK available from the Carbon Dioxide Information Analysis Center (CDIAC) [Key et al., 2004] and the recently released Carbon dioxide in the Atlantic Ocean (CARINA) database [Key et al., 2010] for upper ocean samples (≤10 m depth). In most cases, these DIC and ALK values are from cruises with observed pCO 2 , SSS and SST. We took the mean of the observed values in the 10 m surface layer and calculated a 1 Â 1 grid of monthly values and then compared these values with our calculated values on the same spatial and temporal grid. Values of DIC and ALK were only used when SST of the surface bottle samples agreed with underway SST values to within AE0.25
C. The result was 3,900 comparison values or $5% of the total calculated monthly values from pCO 2 . Figure 2 shows the standard deviation (1Às) of the zonal mean difference between observed and derived values, plotted as a function of latitude, for both DIC and ALK.
[18] We see good agreement in observed and calculated ALK and DIC for many regions, particularly in the Southern Ocean and Southern Hemisphere waters, excluding the data from 10 S to the equator off the coast of Southern America. Here, sparse sampling in the Equatorial Atlantic strongly biases the variance. We see that a large spike occurring 8 N is strongly influenced by the data from the Arabian Sea. The regions where observed and estimated ALK and DIC show a poor comparison generally represent poorly sampled regions or regions of upwelling. For the North Pacific, unfortunately very few observations of DIC and ALK are available in GLODAP or CARINA data sets for validation of the reconstructions.
[19] The accuracy of SST and SSS are both conservatively estimated to be 0.01 C and 0.01 salinity units. The level of uncertainty on pCO 2 is reported to be AE2.5 matm [Takahashi et al., 2009] . When the large changes associated with the Figure 1 . Comparison of the reconstructed mean alkalinity following Lee et al. [2006] in the period 1990-2008 and that from the gridded global GLODAP alkalinity fields [Key et al., 2004] .
Equatorial Pacific and the Arabian Sea are removed, we estimate the global mean uncertainty of ALK to be AE8 mmol kg À1 from Figure 2 . This uncertainty in ALK was consistent with the uncertainty calculated by Lee et al. [2006] , providing added confidence to our reconstruction. The corresponding uncertainty in DIC was estimated to be AE9 mmol kg
À1
. This error is slightly greater than but consistent with the uncertainty of AE5-7 mmol kg À1 in the calculation of DIC by Millero et al. [1993] using a AE4 mmol kg À1 error in ALK. Independently assessing the reconstructed fields of DIC and ALK allows us to treat these fields as independent of SSS and SST in all subsequent analyses.
Calculation of Regional pCO 2 Growth Rates
[20] For the regional analysis of pCO 2 growth rates, the ocean was partitioned into thirteen ocean regions, as listed in Table 1 . In the high latitude Northern Hemisphere we selected latitudes that correspond to the southern boundary of the subpolar gyre. The Southern Ocean corresponds to the ocean between the subtropical front to the edge of the seasonal sea-ice zone. In the equatorial regions we chose the 10 degrees either side of the equator. Subtropical regions were defined as the region between the equatorial and subpolar regions. We did not calculate changes for the Arctic and the marginal seas around Antarctica due to limited observations. In each region we assessed the maximum and minimum SST and pCO 2 using Reynolds' observed SST products [Reynolds et al., 2002] and the global monthly 4 Â 5 pCO 2 climatology of Takahashi et al.
[2009] respectively. We also opted initially to separate the high-latitude [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] Figure 2. Zonal mean of the difference observed values (CDIAC and CARINA) and our reconstructed ALK (based on Lee et al. [2006] ) and DIC derived from oceanic pCO 2 and ALK. Units are mmol kg À1 .
North Pacific into Eastern and Western Hemispheres, following the analysis of Takahashi et al. [2006] .
[21] Some regions (i.e., the Southern Ocean, the subarctic and the subtropical North Pacific) still had oceanic pCO 2 values that are much higher than expected within the open ocean-even after removing data in areas less than 200 m in depth (i.e., next to the coast). We interpreted this as 'contamination' of the open ocean with coastal data. These coastal values could potentially bias calculations of regional growth rates. To exclude this data, pCO 2 values exceeding two standard deviations from the regional mean were excluded.
[22] The temporal coverage of oceanic pCO 2 in all regions is shown in Figure 3 . The regions that contain complete, or semi-complete, records from the mid 1990s onwards and have a well-represented seasonal cycle are: the Southern Ocean, the subarctic and subtropical North Pacific and the Equatorial Pacific allowing us to assess multidecadal changes in oceanic pCO 2 growth rate. The ocean carbon cycle variability in the Equatorial Pacific is strongly influenced by large-scale climate variability (such as the ENSO and the Pacific Decadal Oscillation (PDO)) [Feely et al., 2002] . Consequently, our ability to reconstruct ALK and DIC is poor and we have chosen not to include the Equatorial Pacific in our analysis. In the remaining regions there was insufficient coverage to assess the multidecadal variability i.e., a wellrepresented seasonal cycle over multiple decades.
Calculation of Oceanic and Atmospheric Growth Rates
[23] The detection of growth rates at the monthly scale is highly challenging due to variability in oceanic pCO 2 and under-sampling in most regions. Therefore, by binning the data into seasonal (3-month) mean values we reduce the intraseasonal variance and potential biases. We focus on changes in both summer and winter following Metzl [2009] , and in all seasons (annual change). The January to March period is taken to be summer in the Northern Hemisphere and winter in the Southern Hemisphere. While, the July to September period is taken to be winter in the Southern Hemisphere and summer in the Northern Hemisphere.
[24] We use linear regression to calculate the growth rates in both the atmospheric and oceanic pCO 2 which assumes that the growth rate is linear, which is consistent with observational studies. Uncertainty in the oceanic pCO 2 growth rate and its drivers is calculated following Wilks [2006] . This error in the growth rate is significantly larger than the uncertainty associated with the binning of the observations. Therefore, we are confident that the uncertainty associated with the calculation of the growth rates is a very good approximation of the total error in the slope.
[25] Globally in the period 1995-2008 an atmospheric CO 2 growth rate of 1.9 matm yr À1 (Seasonally R 2 > 0.99) was calculated. As the response is primarily linear we focus on the changes in physical and biological drivers of changes in pCO 2 growth rate rather than changes in atmospheric growth rate. The growth rate of atmospheric CO 2 was calculated from the monthly gridded (by latitude) CO 2 values from Globalview [Earth System Research Laboratory, 2009] and we assumed zonal homogeneity.
Determining Drivers of Oceanic pCO 2 Growth Rates
[26] We use linear regression to calculate the all season, winter and summer growth rates for each of the drivers of the oceanic pCO 2 growth rates (SSS, SSS, ALK, DIC). The relative contribution of the drivers to the pCO 2 growth rate were assessed by converting the growth rates of the drivers into pCO 2 units (matm) using the approximations of Takahashi et al. [1993] . To calculate the Revelle factors for surface waters we used the approximations of Sarmiento and Gruber [2006] , calculated using GLODAP DIC and ALK [Key et al., 2004] .
[27] In our analysis we focus on the changes in oceanic pCO 2 growth rate in response to changes in SSS (freshwater flux), biological production and ocean physics. To account for any changes in the hydrological cycle on carbon chemistry over the study period we normalize the values of ALK and DIC to 34.0 [Chen and Millero, 1979] . We recalculate the DIC and ALK growth rates based on the normalized ALK and DIC values (nDIC and nALK). The influence of biological production and ocean physics can be then teased apart by an analysis of the differences between the summer and winter nDIC and nALK growth rates. For example, in the high-latitudes the changes in the winter nDIC and nALK growth rates are largely a response to ocean physics. In the summer, the changes in the nDIC and nALK growth rates, relative to the winter, are a combined response to changes in biological production and ocean physics.
[28] The residuals between the summation of the drivers and the observed oceanic pCO 2 growth rate can be attributed to: i) the use of a spatial and temporal mean Revelle factor with no seasonality; ii) the a priori assumption that growth rates are linear; iii) the approximation of the change in oceanic pCO 2 by each individual component following Takahashi et al. [1993] .
Results and Discussion
[29] In this section we present and discuss the oceanic pCO 2 growth rates for each region annually (all seasons), summer and winter. To assess the contribution of each of the drivers (ALK, DIC, SSS, SST) to the oceanic pCO 2 growth rate we calculate the growth rates of each of the drivers, which are presented in Tables 2-5. To quantify the contribution of each of these drivers to the oceanic pCO 2 growth rate we convert the growth rate of each of the drivers into units of pCO 2 (matm), which are presented in Figures 4-7 . Also, we present the time series of the seasonal data for each region in Figures S1-S4 in the auxiliary material. [31] The increase of oceanic pCO 2 growth (1.6 AE 1.7 matm yr À1 ) is similar to the atmospheric CO 2 growth rate (1.9 matm yr À1 ) in all seasons, indicating that this region is tracking the atmosphere for the period 1995-2003 (Figure 4 ). Our calculated annual growth rate is in agreement with the observed value of 1.4 AE 0.8 matm yr À1 reported by Takahashi et al. [32] The SST shows little change, however an SSS increase is evident (Table 2 ). This SSS increase is qualitatively consistent with the long-term increase in salinity observed in this region over the 1950-2000 period [Durack and Wijffels, 2010] . The values in DIC and ALK for all seasons (Table 2) both show large increases over the period (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) . However, when we normalize DIC and ALK to salinity these increases are significantly reduced, suggesting that the observed increases in DIC and ALK are largely driven by the increases in SSS over the study period. Therefore we see that the oceanic pCO 2 growth rate is driven primarily by increases in DIC, offset by increases in ALK (Figure 4) .
[33] The winter oceanic pCO 2 value (Figure 4 ) is close to the atmospheric CO 2 growth rate i.e., tracking the atmospheric CO 2 growth rate over the study period. The DIC, ALK and SSS all demonstrate strong increases, while SST shows a net decrease (Table 2 ). Analogous to the total response (all seasons) the winter oceanic pCO 2 growth rate can be explained by increases in DIC leading to increased pCO 2 , with a strong compensating role played due to ALK (Figure 4) .
[34] In winter, the normalization of DIC and ALK to constant salinity demonstrates that the strong positive growth rates in DIC and ALK can be explained by the observed SSS increases in the winter months (Table 2; nDIC and nALK). The increase in SSS, the decrease in SST and the similarity in the magnitude of nDIC to nALK growth rates suggest that vertical process play a key role in influencing the growth rates of DIC and ALK.
[35] The summer oceanic pCO 2 growth rate increases faster than the atmospheric CO 2 growth rate ( Figure 4 and Table 2 ), in contrast to the winter. This suggests that the strength of the summer CO 2 sink may be decreasing over the period 1995-2003 although this growth rate is associated with a large uncertainty. Analogous to the winter, DIC, ALK and SSS all show increases, while SST shows a decrease ( Table 2 ). The faster oceanic pCO 2 growth rate in the summer relative to the winter growth rate is driven primarily by the difference between the growth rates of DIC and ALK ( Figure 4 and Table 2 ). [36] When DIC and ALK are normalized to constant salinity we see large decreases in DIC and ALK growth rates, highlighting the strong impact of changes in SSS over the study period, which is consistent with the winter. The summer nDIC and nALK growth rates are less than the winter growth rates, suggesting an increase in biological production, which is consistent with observed changes over the study period from Behrenfeld et al. [2006] and Gregg et al. [2005] . Further, that the change in the nDIC:nALK growth rate ratio from winter to summer is close to 1:2, which strongly suggests that these biological changes may be attributable to an increase in CaCO 3 production.
[37] Our calculated summer DIC growth rate (3.3 AE 2.0 mmol kg À1 yr À1 ; based on non-winter months, although large uncertainty exists within all of these calculated growth rates. Nevertheless, these differences in the mean values may be explained by changes in SSS.
[38] Despite the large changes in the summer and winter values of DIC and ALK that occur in response to changes in salinity, this has little net impact on the oceanic pCO 2 growth rate. This is because in this region the oceanic growth rate is set primarily by ratio between the growth rates of DIC and ALK. As the ratio of the DIC to ALK growth rate remains unchanged with dilution, the net impact on oceanic pCO 2 growth rate from changes in the SSS, and pCO 2 directly, is very small over the study period.
Subtropical North Pacific
[39] The Subtropical North Pacific (STNP: 10 N-42 N) encompasses a very large surface area; hence the ranges in both SST and SSS are large. As this database is spatially biased to the northern part of the STNP we consider only data in the region 30 N-42 N, and in the period 1996-2005. We note in investigating this region that it is strongly influenced by the Pacific Decadal Oscillation (PDO) which can have a large impact on ocean carbon uptake [Feely et al., 2002] in both its positive and negative phase. The STNP is oligotrophic and shows a large seasonal variability in CO 2 : strong CO 2 drawdown occurs during the boreal winter in response to cooling and enhanced mixing, and reduced CO 2 uptake occurs in the summer due to warming [Takahashi et al., 2009] (Figure 3) .
[40] The STNP oceanic annual pCO 2 growth rate (1.8 AE 0.6 matm yr À1 ) appears to be tracking the annual atmospheric growth rate (1.9 matm yr À1 ) over the period 1996-2005. This is in good agreement with Takahashi et al. [2006] , who found that the annual oceanic pCO2 growth rate was indistinguishable from the atmospheric growth rate over the period . The total increase (all seasons) seen in SST for the STNP (Table 3) is broadly consistent with observations of SST by Gregg et al. [2005] and Polovina et al. [2008 Polovina et al. [ ] over the 1996 Polovina et al. [ -2005 period. An increase in SSS (Table 3) was also evident, which is also broadly consistent with the increases observed by Durack and Wijffels [2010] .
[41] A net decrease in DIC and corresponding net increase in ALK (Table 3) is also present over the study period. A key driver of the total growth rate in oceanic pCO 2 in this region is SST acting to increase oceanic pCO 2 , with decreases in DIC and increases in ALK playing a compensating role, acting together to reduce oceanic pCO 2 ( Figure 5 ). When DIC and ALK are normalized to constant salinity we see large net decreases in DIC and ALK. Such large decreases could be explained through strong increases in biological production in response to a warmer ocean or a reduction in the strength of the winter upwelling (discussed later).
[42] During winter we see that the oceanic pCO 2 growth rate (1.1 AE 0.4 matm yr À1 ) is less than the atmospheric growth rate of 1.9 matm yr À1 . This suggests that this region is an increasing sink of atmospheric CO 2 in the winter 1996-2005 period. Our winter oceanic pCO 2 growth rate is lower than that of Inoue et al. [1995] (i.e., 1.8 AE 0.6 matm yr À1 ) for the Western Pacific region (15 N-35 N) between 1984 and 1993 . This lower value may reflect both the differences in spatial regions, and/or the differences in the atmospheric growth rate between the two periods.
[43] In the winter, increases in SST and SSS are associated with a net reduction in both DIC and ALK ( Figure 5 ). It is this decrease in DIC that acts to enhance the oceanic uptake of atmospheric CO 2 , while the increase in SST and the decrease in ALK play a compensating role and modulate the uptake. When DIC and ALK are normalized to constant salinity we see large net decreases in DIC and ALK, over the study period (Table 3) .
[44] During the winter the oceanic pCO 2 growth rates appear to be a complex response to both biological production and changes in vertical supply. When DIC and ALK are normalized to constant salinity we see net decreases in nDIC and nALK growth rates. This coupled with the increases in SST suggest reduced vertical supply. This is consistent with studies that show an increase in stratification in this region and an expansion of the size of the oligotrophic gyres over this period [e.g., Polovina et al., 2008] . Also, the increase in SST, in conjunction with the faster growth rates of nDIC than nALK, suggest that either there may have been enhanced production of organic carbon and/or changes in CaCO 3 production in response to a warmer ocean. This increase in production is consistent with Gregg et al. [2005] and Behrenfeld et al. [2006] who showed an increase in remotely sensed chlorophyll in the region 30 N-42 N over the periods 1998-2003 and 1999-2004 respectively. [45] In the summer, we see that the oceanic pCO 2 growth rate (2.0 AE 0.8 matm yr À1 ) is similar to the atmospheric CO 2 growth rate over the study period ( Figure 5 ). This suggests that the strength of the summer drawdown of atmospheric CO 2 is not changing. While we do see increases in SSS and SST consistent with the total response (all seasons) and winter, we also observe strong positive growth rates in DIC and ALK ( Figure 5 ). Here, increases in DIC and SST act in concert to increase the oceanic pCO 2 growth rate and are compensated by increases in ALK ( Figure 5 ). The ALK and DIC growth rates increase by the same magnitude from winter to summer ($4 mmol kg À1 yr
À1
), this suggests that changes in winter biological production plays a key role in setting summer pCO 2 growth rates. The strong negative trends in nDIC and nALK suggest increased vertical stratification, consistent with the winter.
[46] The summer growth rates in DIC of 2.3 AE 0.8 mmol kg À1 yr À1 (Table 3) are larger than those of Sabine et al. [2008] and Feely et al. [2003] for the non-winter mixed . While these differences may in part be explained by different atmospheric growth rates, they are more likely associated with the physical changes that have occurred over the two periods. A decrease in vertical supply would also account for the differences between our annual negative growth rate in DIC (À1.3 AE 1.5 mmol yr À1 ) and the small positive growth rate of Takahashi et al. [2006] (0.6 AE 0.3 mmol yr À1 ) in the mixed layer .
The Southern Ocean
[47] The Southern Ocean (45 S-62 S) still remains one of the ocean regions that is most under-sampled for carbon. The Southern Ocean acts as a key net annual sink of atmospheric CO 2 [Takahashi et al., 2009] (Figure 3) . This region has a high-nutrient low chlorophyll (HNLC) regime, characterized by strong vertical mixing that supplies nutrients and CO 2 to the surface during winter and by active photosynthetic utilization during summer [e.g., Metzl et al., 2006] .
[48] In our preliminary analysis for the period 1995-2008, we first estimate the total (all seasons) pCO 2 growth rate at 2.3 AE 0.2 matm yr À1 , which is faster than the corresponding atmospheric growth rate of 1.9 matm yr À1 . In summer, the calculated oceanic pCO 2 growth rate of 2.1 AE 0.3 matm yr À1 is close to the atmospheric CO 2 growth over the same period, while in the winter months (where much less data is available), we calculated an oceanic pCO 2 of 2.5 AE 0.7 matm yr À1 , close to the value of 2.2 AE 0.5 matm yr À1 calculated by Takahashi et al. [2009] in the circumpolar ocean in the period 1983-2008, but not significantly different to the atmospheric growth rate of 1.9 matm yr À1 . However, when we investigated the growth rates and drivers of oceanic pCO 2 they appear to vary significantly across the different ocean regions of the Southern Ocean. As shown later, since the growth rates and drivers in the Indian and Pacific Regions (0:295E) of the Southern Ocean are similar we combined these and considered the Atlantic Region (65W:0) separately.
The Indian and Pacific Sectors of the Southern Ocean
[49] In the Indian and Pacific sectors of the Southern Ocean (0:295E) 1995-2008, the annual growth rate in oceanic pCO 2 is 2.2 AE 0.2 matm yr À1 ( Figure 6 and Table 4 ), which is slightly larger than the annual ocean CO 2 growth rate over the same period. This suggests that annually this region is a very weakly decreasing sink of atmospheric CO 2 . This is in good agreement with Metzl [2009] who calculated an annual pCO 2 growth rate of 2.4 AE 0.2 matm yr À1 (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) for the Southwestern Indian Ocean.
[50] We see that there is no evidence of long-term growth rates in SST, SSS or ALK (Table 4 and Figure 6 ). The growth rate in oceanic pCO 2 is driven by the increase in DIC over the study period. An oceanic pCO 2 growth that is faster than the atmosphere growth rate, and driven primarily by DIC, is very consistent with the expected response to the positive phase of the Southern Annular Mode (SAM) [Lenton et al., 2009b] . In its positive phase the SAM drives enhanced upwelling of carbon-rich deep water at high latitudes in response to enhanced poleward winds over the Southern Ocean, leading to an increase in the value of DIC and a subsequent reduction in atmospheric CO 2 uptake.
[51] In the winter, the oceanic pCO 2 growth rate (2.3 AE 0.3 matm yr À1 ) is above the atmospheric CO 2 growth rate: the region is acting is a weak decreasing sink of atmospheric CO 2 (Figure 6 ). This oceanic pCO 2 growth rate is in good agreement with the results of Metzl [2009] in the SouthWestern Indian Ocean, who calculated an annual pCO 2 growth rate of 2.1 AE 0.2 matm yr À1 (1991-2000; 50-55S) . In the winter, we see increases in SST, DIC and ALK (Table 4) over the study period. We see that the oceanic pCO 2 growth rate is dominated by increases in DIC with the increase in ALK balancing the increase in SST. These increases in DIC and ALK are consistent with the enhanced ventilation of carbon and nutrient rich deep waters associated with the SAM.
[52] In the summer we see that the oceanic pCO 2 growth rate (2.1 AE 0.3 matm yr
À1
; Figure 6 and Table 4 ) is similar to the atmospheric CO 2 growth rate. This is less than the growth rate of Metzl [2009] in the South-Western Indian Ocean, who calculated an annual pCO 2 growth rate of 2.4 AE 0.2 matm yr À1 (1991-2000; 50-55S) . This difference may reflect the selection of different regions in these studies. Increases in SST, DIC and ALK all occur over the summer periods. The pCO 2 growth rates are driven by the combination of increased DIC and SST, which is offset by increases in ALK (Figure 4) . The lower summer DIC and ALK growth rates relative to the winter, and the increase SST, suggests that biological production may have increased over the recent decades. An increase in summer primary productivity in response to a strengthening SAM has been observed [Lovenduski and Gruber, 2005] . Interestingly however this does lead to an enhanced export production [Lenton et al., 2009a] .
[53] Observationally we see that strength of the SAM appears stronger in the 1990s than the 2000s (http://www. antarctica.ac.uk/met/gjma/sam.html). We see that pCO 2 growth rates are larger when calculated over the shorter period (i.e., 1995-2002) than when calculated over the entire observational period (i.e., 1995-2008) .
The Atlantic Sector of the Southern Ocean Region
[54] Annually in the Atlantic Sector of the Southern Ocean we see little or no growth rate in oceanic pCO 2 (0.2 AE 1.0 matm yr À1 ) (Table 5 and Figure 7 ). Therefore this sector acts as an increasing net sink of atmospheric CO 2 over the period [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] . Inspection of the drivers of annual (all seasons) oceanic pCO 2 growth rates ( Figure 7 and Table 5) illustrates that the increasing sink is driven by the increases in DIC and SST growth rates, and is strongly compensated by the increase in ALK. Annually, when DIC and ALK are normalized to constant salinity, the growth rates in both nDIC and nALK ( Figure 7 and Table 5 ) are strongly decreased. The strong decreases in nDIC and nALK could be explained by changes in stratification, which reduce vertical supply, and/or by enhanced biological production (discussed later).
[55] In winter, the oceanic pCO 2 growth rate (2.2 AE 1.1 matm yr À1 ) is close to the atmospheric pCO 2 growth rate, suggesting that this region is close to, but slightly above, the atmospheric CO 2 growth rate. However, it must be noted that there is a large uncertainty associated with this change. The oceanic pCO 2 growth rate can be explained by the balance between increased oceanic pCO 2 , in response to increased SST and DIC, offset by an increase in ALK over the study period. When we normalize DIC and ALK to constant salinity we see that the nDIC and nALK growth rates are much less than DIC and ALK. This reduction coupled with an increase in SST can be explained by a reduction in the strength of the winter upwelling in this region.
[56] The summer oceanic pCO 2 growth rate (À0.9 AE 2.5 matm yr
À1
) is much less than the atmospheric growth rate (1.9 matm yr À1 ), suggesting that this region is acting as an increasing sink of atmospheric CO 2 , even after accounting for the large uncertainty associated with these growth rate ( Figure 7 and Table 5 ). In summer we see increases in SST and ALK consistent with winter, however there is a net decrease in DIC (Figure 7 and Table 5 ). The net oceanic pCO 2 growth rate can be explained by the reduction in DIC and the increase in ALK that is, in part, compensated by increases in SSS and SST. When we normalize DIC and ALK we see large decreases in the nDIC growth and little change in nALK growth rate from winter to summer suggesting large increases biological production (non-calcifying) over the study period. This is consistent with the hypothesis that increased stratification leads to enhanced summer biological production in the Southern Ocean [Bopp et al., 2001] .
Reconciling the Southern Ocean Responses
[57] Across the circumpolar Southern Ocean the winter oceanic pCO 2 growth rate is greater than the atmospheric CO 2 growth rate, which is consistent with Takahashi et al. [2009] . Our results, however, indicate that different mechanisms are influencing the surface ocean pCO 2 growth rate in the Atlantic and Pacific-Indian sectors. These mechanisms can be explained by the observed spatial structure of ocean stratification [Dong et al., 2008] . Therefore we suggest that the SAM continues to plays a key role in driving the circumpolar Southern Ocean response through the ventilation of the carbon rich deep water. But, in the Atlantic sector vertical stratification dominates this ventilation response, leading to a net reduction in the supply of carbon rich deepwater.
Conclusion
[58] We used the global LDEO database (V2009), containing more than 4.4 million sea surface ocean pCO 2 observations collected over more than 35 years (1972-2008) , to investigate the multiyear growth rates of oceanic pCO 2 growth rates and the drivers of these growth rates at the region scale. Alkalinity (ALK) was reconstructed following Lee et al. [2006] using relationships based on sea surface temperature and salinity. Dissolved inorganic carbon (DIC) was calculated from equilibrium carbonate chemistry. The values of DIC and ALK were then compared with concomitant values of DIC and ALK measured from upper ocean bottle data (≤10 m; CARINA and CDIAC). This comparison shows good agreement in most regions, and from this we estimate the global uncertainty in ALK to be AE8 mmol kg À1 and AE9 mmol kg À1 in DIC.
[59] As much of the global ocean remains under-sampled with respect to ocean carbon measurements, we averaged the data in each of the major ocean regions into seasonal bins to dampen high-frequency spatial and temporal variability. In the period 1995-2008 three regions had sufficient coverage in time and space to determine growth rates: the Subarctic Western North Pacific; Subtropical North Pacific; and the Southern Ocean. Despite adequate coverage, the Equatorial Pacific was excluded from the analysis due to a poor reconstruction of DIC and ALK fields and inherent large interannual variability in this region making it difficult to extract growth rates. In regions with sufficient data, the seasonal and annual growth rates (i.e., growth rates in all seasons) of oceanic pCO 2 and records of atmospheric CO 2 were used to assess whether the region acts as an increasing sink or source of atmospheric CO 2 .
[60] In the Western Subpolar North Pacific we find that annually, and in the winter, the oceanic CO 2 growth rate appears to be tracking the atmosphere, while in the summer the oceanic pCO 2 growth rate is faster than the atmosphere, thus causing a reduction in the ocean's sink strength. This reduction in the summer is primarily due to increases in biological production, potentially marine calcifiers as indicated by the decrease in the salinity-normalized ALK. In the Subtropical North Pacific we see that in the summer, and annually, the oceanic pCO 2 growth rate is close to the atmosphere. However, in the winter the oceanic pCO 2 growth rate is exceeded by the atmospheric growth rate. This implies that this region acts as an increasing sink of atmospheric CO 2 ; driven primarily by enhanced biological production over the study period.
[61] In the Southern Ocean we see two distinct responses in the summer oceanic pCO 2 growth rates that are related to the differences in stratification between two sectors of the Southern Ocean. In the less stratified Indian and Pacific sector the oceanic pCO 2 growth rate is very close to the atmospheric CO 2 growth rate. However, in the more stratified Atlantic sector of the Southern Ocean the oceanic pCO 2 growth rate in the summer (and annually) is significantly less than the atmospheric CO 2 growth rate. Therefore in this sector we see a strongly enhanced sink of atmospheric CO 2 driven by enhanced biological production and vertical stratification. In the winter in all sectors we see that the oceanic pCO 2 growth rate is faster than the atmospheric growth rate, suggesting that this region is acting as a reducing sink of atmospheric CO 2 .
[62] Over the regions for which trends can be estimated, we see a net reduction in the strength of the global ocean sink in recent decades. We demonstrate that a regionally distinct set of mechanisms drive the changes in the oceanic pCO 2 growth rate in each region. We highlight the importance of investigating both the oceanic pCO 2 growth rates and its drivers at the seasonal scale rather than annually, which can strongly bias our detection and understanding of change at the region scale. We see that it is primarily the changes in DIC that are driving the changes in oceanic pCO 2 growth rate. In interpreting how this DIC growth rate drives the oceanic pCO 2 growth rate we have attributed the DIC growth rate to changes in ocean physics, freshwater fluxes and biological production.
[63] The air-sea CO 2 flux also contributes to changes in oceanic pCO 2 growth rates, however this is very difficult to assess observationally. If we account for these air-sea CO 2 fluxes we would underestimate the contribution of biological production and ocean physics to the oceanic pCO 2 growth rates. For example, in the majority of regions the atmospheric growth is slower than the oceanic pCO 2 growth rate and the DIC growth rates are positive. Here, the air-sea CO 2 flux would drive atmospheric CO 2 out of the ocean. Hence if we could remove the contribution of the air-sea CO 2 flux to the oceanic pCO 2 growth rate, the DIC growth rate would be enhanced. Therefore, our results suggest that the observed decline in the strength of the ocean carbon sink is driven by changes in ocean physics and biological processes.
[64] Interestingly, the recent observed changes SST and SSS appear to play an important role in setting the character of the ocean carbon sinks through changes in stratification, vertical mixing and associated biological activities. SST is well measured as a satellite product and has been identified as undergoing significant changes in recent decades, and is projected to continue evolving in response to a warming climate. A recent analysis of changes in the hydrological cycle between 1950 and 2000 [Durack and Wijffels, 2010 , and references therein] supports a view that the water budget has also undergone significant changes in both hemispheres. Based on climate models studies these changes have been projected to increase with the future acceleration of the hydrological cycle [e.g., Held and Soden, 2006] .
[65] Given the short length of the time series and the uncertainty implicit in our calculated oceanic pCO 2 growth rate, it is not possible to confidently separate climate variability and change based on oceanic pCO 2 measurements alone. While a more robust statistical test of the significance of growth rates would have been optimal [e.g., Le Quéré et al., 2010] , given the short length of the coherent time series and implicit variability such an analysis was not possible. Consequently, while the growth rates captured in this paper are at the limit of the detection, this study presents a methodology to understand the evolution of the oceanic pCO 2 growth rates and its drivers.
[66] Key to detecting and understanding how the oceanic CO 2 sink evolves in the future is a sustained longer-term CO 2 observational program. A well-designed sampling strategy [Monteiro et al., 2010] should allow the attribution of observed changes in oceanic pCO 2 growth rate to climate variability and change. Additionally concomitant measurements of surface DIC and ALK are essential to an improved understanding of the drivers of the changes in the ocean carbon sink.
